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ABSTRACT 
The fatigue behavior of welded cruciform specimens under 
bending with, constant and variable amplitude block loading is 
examined. The cruciforms are constructed from A514 steel. The welds 
are non-load carrying fillet welds and classify as a Category C 
detail. 
A mathematical model is obtained to predict fatigue life which 
is compared with test data fatigue life. The model estimates upper 
and lower bound fatigue lives based on upper and lower bound values 
of unknown initial crack size and material constant. Included in 
the model are correction factors, F„, F_, F„, and F_. Through the 
c     o    W g 
upper and lower bound fatigue lives, Sr-N curves are constructed 
providing an estimated S -N region into which the fatigue test data 
could fall. Ninety-six percent of the test data either fell within 
the estimated region or between the estimated region and the 
Category C detail S -N curve. The test data compare favorably with 
the previous constant and variable amplitude tests on non-load 
carrying fillet welds. 
Laboratory tests were conducted for varying mean stresses of 
152.56 MPa (22.13 ksi) to 446.80 MPa (64.80 ksi). A* increased mean 
stress simulates the presence of residual welding stresses. 
The stress ranges varied from 89.36 MPa (12.96 ksi) to 239.83 MPa 
(34.78 ksi). The effective stress ranges varied from 87.72 MPa 
(12.72 ksi) to 148.93 MPa (21.60 ksi). Threshold stress ranges 
occur at: 111.95 MPa for a mean stress of 153.70 MPa; 139.00 MPa, 
114.18 MPa, and 99.29 MPa for a mean stress of 417.01 MPa; 89.36 MPa 
for a mean stress of 446.80 MPa. 
Fifty-six percent of all the fatigue cracked specimens failed 
at the weld toe of the larger weld angle. Sixty-seven percent 
failed at a tension weld toe where the strain gage was attached. 
Thirty-nine percent failed at both the toe of the larger tension 
weld angle and the toe where the strain gage was attached. 
1. INTRODUCTION 
1.1 Summary of Fatigue Testa on Non-Load Carrying Fillet Welds 
Tests on bending specimens under constant cycle loading have 
been reported by Goergd) and Mueller(2). The summary of cons. :nt 
amplitude fatigue tests on non-load carrying fillet welds competed 
of structural carbon steel (ST37 and A36) and high strength low 
alloy steel (St52) is shown in Fig. 1 (3). The test data vary in 
fatigue resistance from the lower bound Category C detail to beyond 
the Category B detail. The current bending tests on A514 steel 
cruciform specimens are represented by open circles in Fig. 1. 
Generally, these constant cycle tests provide fatigue resistances 
comparable with those previously reported. 
The summary of variable amplitude fatigue test data on non-load 
carrying fillet welds is shown in Fig. 2 (3). The A588 steel 
cruciform specimens were subjected to tension tests as reported by 
Albrecht(4). The random variable stress range spectrum represented a 
skewed distribution and a root-mean-cube stress range was used. 
These variable load tests ' provided fatigue resistances near the 
Category B detail. The current bending tests conducted on A514 
steel are shown as dots in Fig. 2. The variable amplitude random 
block loading sequence was the same as used by Zhong in Reference 3. 
A Rayleigh distribution represented the load range spectra frequency 
of occurrence as shown in Fig. 3-        Eight stress range levels 
approximated the distribution and the load levels were randomized 
into 150 blocks. Within each of the 150 blocks, 960 constant 
amplitude cycles of load were applied. The effective stress range, 
S , was defined by the root-mean-cube stress range. These tests 
provided fatigue resistances between the lower bound Category C 
detail and upper bound Category B detail. 
1.2 Research Objective 
This thesis focuses on the constant and random variable 
amplitude block loading of welded cruciform specimens subjected to 
bending tests. The cruciforms are constructed from two lateral 
attachments fillet welded to a longitudinal bar, all of A514 steel 
as illustrated in Fig. 4. The welds are non-load carrying fillet 
welds. The residual welding tension stresses are negligible due to 
the size of the cruciform specimens. The attachments classify the 
weld region as a Category C detail. 
r 
The main objective is to expand the knowledge on the fatigue 
behavior of constant and variable amplitude loading of cruciform 
specimens under bending. The fatigue lives of bending specimens can 
be predicted with a mathematical model using: a finite element 
analysis to evaluate the stress concentration due to the welds and 
attachments; basically Green's function to evaluate the stress 
gradient correction factor; the Maddox relationship to evaluate the 
crack shape for the crack shape correction factor; fracture 
/ i, 
mechanics principles to evaluate the stress intensity range which 
includes F , Fs, Fe, and Fw ; and a rearrangement of the Paris Power 
Law to evaluate the fatigue life. The stresses used in the 
mathematical model were assumed the result of the applied loads 
without residual welding stresses. Based on the above, S -N curves 
were constructed through the predicted fatigue lives. The S -N 
curves were compared with laboratory fatigue tests. The tests were 
conducted to determine the fatigue life behavior for. various stress 
ranges and various mean stresses. An increased mean stress was used 
to simulate the presence of residual welding stresses. A total of 8 
variable amplitude tests and 19 constant amplitude tests were 
conducted. 
2. GENERAL ASSUMPTIONS AND FINITE ELEMENT MODELING 
The cruciform used in this 3tudy is illustrated in Fig. 4. 
These cruciform specimens were obtained from a previous study by 
Frank(5). The cruciforms were fabricated from A514 steel plates. 
Two 16mm x 50mm x 610mm plates were submerged arc welded with 12mm 
fillet welds to each side of a 610mm x 533mm plate. The individual 
cruciform specimens were obtained by saw cutting and milling the 
plates to a 30.5mm width. The welds are classified as non-load 
carrying welds. Residual welding stresses were assumed negligible 
due to the size of the cruciform specimens. 
For modeling purposes, the weld surface is considered flat 
forming an angle of TT/4 with the main longitudinal surface. The 
cruciform material, including the weld, is assumed linear, 
isotropic, and homogeneous. Young's modulus is taken as 206850 MPa 
(30000 ksi) and Poisson's ratio as 0.3 • 
The computer analysis is conducted using SAP IV(6), a finite 
element computer program for linear elastic systems. The results of 
the program give the stresses along the crack path. These stresses 
are then used in the determination of the stress concentration 
factor, Kfc. 
The weld toe is a location of stress singularity where the 
elastic stress and stress concentration increase as the distance to 
the weld toe decreases. SAP IV does not contain elements for stress 
singularity; however, the program can be used providing the finite 
element mesh at the weld toe is no larger than the size of the 
initial flaw, ai. The minimum initial flaw size is 0.0254mm (0.001 
in.) and is taken as 0.0437mm (0.0Q172 in.) for the finite element 
analysis(7). The cruciform is initially modeled with a coarse mesh 
as shown in Fig. 5. The weld toe region is substructured into a fine 
and ultra-fine mesh as shown in Figs. 6 and 7. The heavy lines in 
Figs. 6 and 7 show the superimposed previous mesh discretization. 
The coarse mesh is composed of the eight node brick element. A 
vertical plane of symmetry exists at the cruciform half length; 
therefore, only one-half the cruciform length needs to be modeled in 
the coarse mesh. At the vertical plane of symmetry, horizontal 
displacements are prevented. The loading is applied as a 
concentrated load. The fine mesh is compdsed of planar elements and 
models a small region of the weld toe from the coarse mesh. This 
region is the shaded elements from Fig. 5 and is taken at the 
cruciform half width, D/2. Figure 6 shows the fine mesh 
discretization. The loading is input via displacements from the 
coarse mesh analysis. The ultra-fine mesh as shown in Fig. 7, 
models a smaller region of the weld toe from the fine mesh and is 
composed of planar elements. Loading is input via displacements 
from the fine mesh analysis.   For both the fine and ultra-fine 
meshes, horizontal and vertical displacements at new nodes along the 
inside borders are linearly interpolated from the superimposed 
previous mesh element nodes. The planar elements are taken to have 
a plane stress elasticity matrix; therefore, plane stress elements 
are used(7). 
The SAP IV analysis stresses used to evaluate the stress 
concentration are the principal tensile stresses. These principal 
tensile stresses are the average between principal stresses of 
adjacent finite elements along the crack path. The d-irection of the 
crack path is defined by a vertical plane through the weld toe. The 
assumption of a completely vertical crack path is in slight 
disagreement with the crack path of the cruciform test specimens. 
The crack path grew perpendicular to the principal tensile stress. 
Appoximately 2.50mm (0.098 in.) of the crack path deviated from the 
assumed vertical. In this region the principal tensile stress 
differed from the tensile stress perpendicular to the vertical plane 
by ten percent and in direction by about twenty degrees. 
2.1 Stress -Concentration, Kt 
The nominal stresses along the crack path are calculated from 
M o-f (1) 
The stress concentration along the crack path results from the 
finite element stress divided by the nominal stress at the 
corresponding location. The stress concentration curve is plotted 
with respect to the crack depth divided by the thickness of the 
longitudinal bar. The curve is non-dimensionalized. Figure 8 
illustrates that less than eleven percent of the longitudinal bar 
depth experiences a stress increase as a result of the lateral 
attachments and welds. As the crack depth increases, the K. curve 
decreases rapidly to a value approximately 0.80. The maximum stress 
concentration factor (SCF) at the weld toe is found by extrapolating 
through the stress concentration values along the crack depth using 
a fourth order polynomial fit. The SCF obtained from the analysis 
is 3.6986. The bottom two Kfc values from the fine and ultra-fine 
meshes are neglected due to boundary irregularities. 
2.2 Stress Gradient Correction Factor, F 
Green's function is used t© evaluate F , the stress gradient 
correction factor. As suggested by Albrecht(8), the relationship 
between stress intensity and stresses on a crack plane is: *? 
/— 2 f °i K = a  Aa - d<l (2) 77
 J \H—^ o av a - I 
From this F can be defined and evaluated as: 
a
    K 
8
  *  ' fJZ  "2 '■■'//T^41 <3) 
F can also be evaluated by a numerical solution: 
F  -1>  K . 
1. i±I_ arc sin —J arc sin —J- 
a a 
(4) 
where: 
K .  =averaged Kt between two adjacent finite 
elements of equal distance from the 
crack plane. 
I.,I        =distance to the near and far side of 
-
1
 -
1
  finite element j as measured from 
the crack origin. 
m =number of finite elements along the crack 
plane describing crack length 'a*. 
Table 1 summarizes the results of the F  calculations.^ Figure 8 
O 
shows F plotted with respect to the crack depth divided by the 
thickness of the longitudinal bar. The F curve decays less rapidly 
than the Kfc curve. As the crack depth increases the stress gradient 
correction decays to a value approximately 1.0. About nine percent 
of the longitudinal bar thickness will have a large stress gradient 
correction factor. 
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3. Other Correction Factors: F^, FQ, F„ 
All of the correction factors, F , Fe, F , and Fs, are needed 
to determine the stress intensity factor, K. Values for F-, F_, and 
F have been tabulated in Reference 9 for various crack shapes and 
stress distributions along the crack path; however, these values 
assume a uniform tension loading(9). The cruciform used in this 
study is a bending specimen. In addition to the linear stress 
distribution from bending, eleven percent of the bar thickness 
experiences a stress increase due to the stress concentration from 
the weld toe. The stress distribution changes as the crack grows 
and also the crack shape. The crack shape propagates from an 
assumed initial semi-elliptical surface crack to a through crack at 
failure. Therefore, Fa and F will change according to crack length 
and can not be considered a constant value over the fatigue life of 
the cruciform. 
The stress intensity factor for a through crack under bending 
as given in Fig. 9 is(10): 
K = 0 /rra F(<*) (5) 
11 
3. Other Correction Factors: Fe, F3, Fw 
All of the correction factors, F , F , F , and F , are needed g    e    W 5 
to determine the stress intensity factor, K. Values for Fg, F , and 
F have been tabulated in Reference 9 for various crack shapes and 
stress distributions along the crack path; however, these values 
assume a uniform tension loading(9). The cruciform used in this 
study is a bending specimen. In addition to the linear stress 
distribution from bending, eleven percent of the bar thickness 
experiences a stress increase due to the stress concentration from 
the weld toe. The stress distribution changes as the crack grows 
and also the crack shape. The crack shape propagates from an 
assumed initial semi-elliptical surface crack to a through crack at 
failure. Therefore, Fg and Fs will change according to crack length 
and can not be considered a constant value over the fatigue life of 
the cruciform. 
The stress intensity factor for a through crack under bending 
as given in Fig. 9 is(10): 
K = a /rTa F(=) (5) 
11 
where: 
fc ~ 0.923 + 0.199 (l - sin g) 
^ = /£tan § T* — (6) 
\ cos 2T 
The correction factor, F(<x), takes into account the front and back 
surface correction factors, Fg and Fw, but not the stress gradient 
correction, F. and crack shape, F„, factors.  F(<x) is a function of 6 e 
crack depth as F , Fs, Fw, and Fg are.   Initially, F( «) is 
calculated for specific crack depths with Fw under bending and Fs 
taken as a constant value.  Fs is estimated as a constant 1.210 
corresponding to a linear stress distribution over a through crack 
as seen in Fig. 10 and is removed from F(<x) (9).  F(« ) accounts now 
for F and can be adjusted for varying values of F , F , and F to w e   s       g 
obtain the total correction factor, F(a), for varying crack depths. 
The incremental crack growth used is the same as for the stress 
gradient correction factor calculations and will be ' used for 
subsequent calculations. The following estimated FQ and F„ values 
are from Fig. 10. 
F  and F will be divided into three stages for the cruciform 
life. These three stages are represented in Fig. 8. 
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3.1 Fatigue Crack Propagation: Stage 1 
Stage 1 corresponds to an initial flaw propagating as a semi- 
elliptical crack. Fe is calculated from the elliptical integral 
which is a function of the elliptical crack's minor axis 
semidiameter, a, to major axis semidiameter, c, ratio a/c. As the 
, crack propagates, the crack depth or minor axis semidiameter a 
increases and the corresponding value of c is(12): 
c = 0.132 + 1.29 a (in.) (7) 
Reference 11 provides tabulated values of a/c, Ek, and F and is 
reproduced in Fig. 10. Fg corresponding to an a/c value is obtained 
by linear interpolation from the values given in Fig. 10 (11). 
The initial flaw is in a region of high stress concentration 
which can be represented between a concentrated load on the crack 
origin and as the crack propagates a linear stress distribution over 
the crack front. Fs is taken for the half-circular crack as the 
average between the concentrated load and linear stress distribution 
as 1.115. 
13 
3.2 Fatigue Crack Propagation: Stage 2 
Stage 2 corresponds to the crack propagating as a semi- 
elliptical crack. FQ is determined as described,, in Stage 1. The 
crack has propagated out of the high stress concentration region of 
stage 1, but not completely out of the total stress concentration 
region. Additional stress due to the stress concentration is 
superimposed on the linear stress distribution due to bending. The 
crack front loading can be represented between a linear and uniform 
stress distribution. F is taken for the half-circular crack as the 
average between the linear and uniform stress distributions as 
1.055. 
3.3 Fatigue Crack Propagation: Stage 3 
Stage 3 is the final phase of crack growth. The . semi- 
elliptical crack grows into a through crack. F is determined as 
described in Stage 1. The crack has propagated out of the stress 
concentration region. The crack front loading is a result of the 
bending stress. Fs, for the half-circular crack between the uniform 
and linear stress distributions but closer to the linear 
distribution, is taken as 1.070. 
An example of F(a) is tabulated in Table 2 for specimen #12. 
From all the correction factors comprising F(a), F_ has the most ) s 
certainty in its value. 
14 
4.   FATIGUE LIFE 
The fatigue life of a specimen is the result of the crack 
initiation and crack propagation phases. Part of the fatigue life 
is spent initiating a fatigue crack and the remainder propagating 
the crack to its critical size. A mathematical model which results 
in a theoretical crack propagation fatigue life can be used to 
predict test data fatigue life. The theoretical crack propagation 
life is a function of a material constant and stress intensity range 
integrated over  the crack length as(11): 
(8) 
For the integration process, an initial crack size must be present. 
Therefore, the model does not take into account the crack initiation 
phase. The initial crack size can range from 0.0254mm (0.001 in.) 
to 0.7620mm (0.03 in.). 
The     integration     process    to     obtain     fatigue    life    can     be 
c 
accomplished   by    taking   incremental    crack    growth,   Aa,     to   obtain 
incremental fatigue life, AN,   by(11): 
AN =      Aa (9) 
• C(AK)n 
15 
The total fatigue life is the summation of incremental life over the 
total crack depth 6.327mm. 
4.1 Stress Intensity Range, AK 
The stress intensity range, AK, is a function of:   the 
correction factors, F(a); bending stress range, Sr for constant 
amplitude loading and Sre for.variable amplitude loading; and crack., 
length, a; in(11): 
AK = S /ira F(a) (10) 
The stress intensity range uses the average of each incremental 
crack length over a range of crack lengths giving a total crack 
depth of 6.327mm (0.249 in.). These incremental lengths and final 
crack depth correspond to those used in the finite element model to 
obtain F . For all the crack increments, the stress intensity range 
must be greater thanthe threshold stress intensity range, AKfch. 
The threshold indicates a level below which cracks do not propagate. 
The initial crack size corresponds to either the minimum 0.0254mm or 
the crack size for which AK is equal to or greater than AK^. The 
AKth as determined by Barsom is(13): 
AKth =   7   (1   -  0.85   R)   (MPa) (11) 
16 
The variable R represents the stress ratio defined as: 
R = f^ (12) 
rmax 
The stress ratio for the cruciform specimens is based on the applied 
loads without residual welding stresses. The residual welding 
stresses are considered negligible due to the small cruciform 
specimen size. The R and AKfch values for each specimen is given in 
Table 3. 
4.2 Fatigue Life Estimate 
The total fatigue life is the summation of incremental fatigue 
life in equation 9. Variable n, the negative slope of the log-log 
Sr-N curve, is known to be 3.0 for all specimens(14). The 
incremental crack growth used is the same as for the stress gradient 
correction factor. The material constant, C, and initial crack 
size, a^, are not known. These variables are dependent on the 
material and weld defects of each cruciform specimen and are 
therefore uncontrolled variables.   The variation in material 
-13 
constant  has  been  limited  to  an  upper  bound  1.211x10 J
cc-3 -10       c c      ~) 
mnr* -VfPcycle       (2x10 in.-\"Ykips->cycle)       and       lower       bound 
i> 
2.179x10"13 mm5,5/N3cycle (3.6x10"1° in.5,5/kips3cycle) value(15). 
The initial crack size is also limited to an upper bound 0.0254mm 
(0.001 in.) and lower bound 0.7620mm (0.03 in.) value(7). Combining 
the upper bound C and a, values and the lower bound C and a^ values, 
17 
an upper bound and lower bound fatigue life for a given stress range 
can be estimated. For each stress range tested, an upper bound 
fatigue life was obtained using the Upper bound C and upper bound 
a^, or an a. such that AK is greater than AK.. . A second life was 
obtained for Cr2.179x10~13 and a.^0.5080mm (0.02 in.). A lower 
bound fatigue life was obtained using the lower bound C and lower 
bound a-. Table 4 illustrates the fatigue life calculations for 
specimen #12, 
4.3 S-N Relationships 
For a given stress range, the three theoretical fatigue lives 
obtained in the previous section are a result of varying the 
material constant, C, and initial crack size,-a.,. Upper and lower 
bound fatigue lives for a given stress range were estimated from 
these assumed conditions. Through these upper to lower bound 
fatigue life estimates, three Sr-N curves each with a slope of -3 
can be constructed( 14). Corresponding to the three initial crack 
sizes used to estimate the upper to lower bound fatigue lives for a 
given stress range, three threshold stress ranges, S th, can be 
determined. Th'e Srth is the horizontal extension of the Sr-N curve 
of the same a^. The S t^ is, for a given a^, the stress range below 
which cracks do not propagate. The two Sr-N curves corresponding to 
the upper and lower limit a^ for a given S , bound an estimated 
region into which the test data for that Sr could fall. The three 
Sp-N  curves  for   each   stress   range   tested  have   been constructed and 
18 
are shown in Figs. 11 to 26. 
Figures 11 to 26 were individually constructed for a given 
stress ratio. Cruciform specimens of variable amplitude loading with 
the same Sre were plotted in the same figure. The mean stress varied 
slightly due to the i.n ividual response of the specimens to the 
loading. The stress ratio varied slightly; however, the slight 
difference in stress ratio was not appreciable to construct separate 
plots. The sloping portion of the three S -N curves is the same 
throughout the stress ranges tested. The difference among the 
stress ranges tested is the extension of the sloping portion of the 
S -N curve to the appropriate S ^. 
The Category C detail Sr-N curve is also shown in Figs. 11 to 
26 (14). 
19 
5. EXPERIMENTAL WORK 
The Amsler Vibrophore was used to load the cruciforms. The 
test setup is shown in Fig. 27. On each specimen, a 1.5875mm (0.0625 
inch) strain gage was attached as close as possible to a weld toe in 
tension in order to compare the cruciform loading with the applied 
vibrophore load. A static test was also conducted to compare the 
stress along the cruciform half length as measured by strain gages 
with the predicted stress for a given load. As a result of the 
static test the vibrophore stress readings were calibrated for a 
reduction in stress. The stress ranges used in the constant cycle 
amplitude tests varied from 89.36 MPa (12.96 ksi) to 239.83 MPa 
(3*1.78 ksi). The mean stresses used were 153-70 MPa (22.29 ksi), 
417.01 MPa (60.48 ksi), and 446.80 MPa (64.80 ksi). The stress 
range, stress ratio and fatigue life for each cruciform specimen 
tested under constant amplitude load is given in table 5. The mean 
stress, maximum stress, minimum stress, effective stress range, 
stress ratio, and fatigue life of the cruciform specimens under 
variable amplitude loading is tabulated in Table 6. The effective 
stress ranges varied from 87.72 MPa (12.72 ksi) to 148.93 MPa (21.60 
ksi). The mean stresses varied from 152.56 MPa (22.13 ksi) to 159.90 
MPa (23.19 ksi). The stress range versus fatigue life of each 
cruciform test is plotted in Figures 11 to 26 with the appropriate 
upper and lower bound S -M curves. 
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Failure of the cruciforms occurred when the stress range could 
not be maintained. The fatigue crack at failure propagated 
approximately halfway through the bar thickness as shown in Fig. 28. 
For each fatigue crack, the weld profile and the weld toe where the 
fatigue crack initiated is shown in Figures 29 to 33. 
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6. DISCUSSION 
Figures 29 to 33 show the weld profiles where the fatigue 
cracks initiated.  No fatigue cracks initiated and propagated for 
runout specimens 1, 3, 13, 15, 19, 20, 23, 26, and 27.  As expected, 
the fatigue cracks initiated at a weld toe subjected to tension 
loading; however, not all of the fatigue cracks were located at the 
weld toe of the larger weld angle.  There is some scatter present in 
the fatigue- crack location.  A fatigue crack initiated at the toe of 
the larger weld angle for specimens 4, 5, 7, 8, 10, 14, 17, 21, 22, 
and 24.  As the weld angle increases, the stress concentration at 
the weld toe increases(11).  An initial flaw in the greater stress 
concentration region would grow into a fatigue crack and propagate. 
This is apparently true provided the greatest initial flaw is in the 
greatest stress concentration region.   However,  the size and 
location of the initial flaw is variat.3.   It is the variable 
combination of unknown initial flaw size and stress concentration 
that provides scatter in the fatigue crack location.  The scatter 
present is illustrated in specimens 2, 6, 9, 11, 12, 16, 18, and 25 
where the fatigue cracks initiated at the toe of the smaller weld 
angle.   Therefore, fifty-six percent of all the fatigue cracked 
specimens failed at the weld toe of the larger weld angle and forty- 
four percent failed at the weld toe of the smaller weld angle.  Out 
of all the fatigue cracked specimens, sixty-seven percent failed at 
the weld toe where the strain gage was attached.  Specimens 2, 4, 6, 
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7, 14, 16, 17, 18, 21, 22, 24, and 25 represent the sixty-seven 
percent which failed at either the weld toe of the larger or smaller 
weld angle where the strain gage was attached. Thirty-nine percent 
of all the fatigue cracked specimens failed at the weld toe of both 
the larger weld angle and where the strain gage was attached. 
Figures 11 to 26 compare the predicted stress range versus 
fatigue life curves with the data from each cruciform test. The 
S -N curves bounf an estimated region into which the test data could 
fall. This region is partially based on uncontrolled variables ai 
and C, and estimated values of F„, FQ, and F .  Therefore, the Go o . 
region bounded by the S -N curves is an estimated region. The test 
data% except specimen 18, fall either within the estimated region or 
between the estimated region and the Category C detail S -N curve. 
The test data that fall below the estimated region are a result of 
the difference in a^, Kfc, and C values between the individual 
cruciform specimen values and the theoretically estimated values. 
The scatter among cruciform specimens tested at the same stress 
ratio is a result of the variables a^ and C being different for each 
cruciform specimen. The theoretical life calculations and 
subsequently Sr-N curves provide a good estimate of a S -N region 
into which the test data could fall. 
Tests with similar stress ranges but varying mean stresses for 
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constant amplitude loading are tabulated in Table 7. Specimens in 
Table 7 are grouped according to similar stress range. Within each 
group, the specimens are ordered according to increasing stress 
ratio. Specimens 9 and 10 with a stress ratio of 0.238 have 
approximately similar fatigue lives as specimens 22 and 24 with a 
stress ratio of 0.631- The increased mean stress which represents 
increased residual welding tension stresses does not affect the 
fatigue life at higher stress ranges of approximately 188.65 MPa 
(27.36 ksi). The increased mean stress at about 139.00 MPa (20.16 
ksi) stress range was opposite to what was expected. Comparing 
specimen 12 to specimens 23, 25, and 27 shows an increase in fatigue 
life for an increase in the stress ratio. However, at the lowest 
stress range of 114.18 MPa (16.56 ksi), (specimens 15 and 13 versus 
specimens 16T, 17> and 19) a decrease in fatigue life resulted from 
an increase in stress ratio. 
The threshold stress range for various mean stresses is shown 
in Tables 5 and 6.   For constant amplitude loading, a constant 
amplitude fatigue limit or threshold stress range occurs at: 
S S 
mean r 
MPa (ksi) MPa (ksi) 
153.70 (22.29) 111.95 (16.24) 
417.01 (60.48) 139.00 (20.16) 
417.01 (60.48) 114.18 (16.56) 
417.01 (60.48) 99.29 (14.40) 
446.80 (64.80) 89.36 (12.96) 
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For variable amplitude loading, crack propagation does not occur 
when both the maximum stress range and effective stress range are 
below the constant amplitude fatigue limit. A constant amplitude 
fatigue limit occurs for: 
s 
rmax 
S 
re 
S 
mean 
MPa   (ksi) MPa   (ksi) MPa  (ksi) 
141.29 (20.49) 87.72 (12.72) 156.92 (22.76) 
189.24 (27.45) 117.51 (17.04) 155.73 (22.59) 
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7. SUMMARY AND CONCLUSIONS 
* 
Cruciform specimens comprised of non-load carrying fillet welds 
were tested in bending under constant and variable amplitude 
loading.  The following summary and conclusions are based on the 
constant and variable amplitude  test results and  theoretical 
analysis: 
1. A finite element analysis was used to determine the stress 
concentration at the weld toe. The SCF was found as 3.6986 
using a fourth order polynomial fit through the K^ values. 
2. Green's function was used to evaluate the stress gradient 
correction factor. Only nine percent of the longitudinal bar 
thickness has a large stress gradient correction factor, F , 
O 
as a result of the lateral attachments and welds. 
3. The Maddox relationship was used to describe the crack shape 
for semi-elliptical surface cracks. 
4. The mathematical model utilizing the fracture mechanics 
principles to determine the stress intensity range, provided a 
good estimate of an upper and lower bound fatigue life for a 
given stress range. S -N curves constructed through the upper 
and lower bound fatigue lives provided an estimated region 
into which the test data could fall. Ninety-six percent of 
all test data either fell within the estimated region or 
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between the Category C detail Sr-N curve and the estimated 
is- 
region. 
5. Fatigue crack growth was assumed not to occur where AK was 
below AKtl). 
6. In each test, the fatigue crack initiated and propagated from 
a tension weld toe. 
7. Fifty-six percent of all the fatigue cracked specimens failed 
at the weld toe of the larger weld angle. Sixty-seven percent 
of all the cruciform specimens that fatigue cracked failed at 
the weld toe where the strain gage was attached. Thirty-nine 
percent failed at both the toe of the larger weld angle and 
the toe of the strain gage location. 
8. The constant amplitude test data indicate the occurrence of a 
constant amplitude fatigue limit at: 
s 
mean 
S 
r 
MPa   (ksi) MPa   (ksi) 
153.70 (22.29) 111.95 (16.24) 
417.01 (60.48) ■ 139.00 (20.16) 
417.01 (60.48) 114.18 (16.56) 
417.01 (60.48) 99.29 (14.40) 
446.80 (64.80) 89.36 (12.96) 
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9. For variable amplitude loading, SrQax and Sre are below a 
constant amplitude fatigue limit for: 
s 
max 
S 
re 
S 
mean 
MPa.        (ksi) MPa        (ksi) MPa         (ksi) 
141.29   (20.49) 87.72  (12.72) 156.92   (22.76) 
189.24   (27.45) 117.51   (17.04) 155.73   (22.59) 
10. The constant and variable amplitude tests provide fatigue 
resistances comparable to those previously reported. 
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NOMENCLATURE 
0 
a crack length; minor axis semidiameter of elliptical 
crack 
Aa incremental crack growth 
a average crack size per a 
a^ initial flaw or crack size 
c major axis semidiameter of elliptical crack 
C material constant 
D longitudinal bar width 
Ek elliptical integral. 
F(a) total correction factor which includes the 
correction factors Fs, F , Fe, F 
Fe crack shape correction factor 
F stress gradient correction factor 
Fs front free surface correction factor 
F,, back surface correction factor w 
F(a) bending stress correction factor which includes 
Fs and Fw 
AK stress intensity range 
AK^h threshold stress intensity range 
K stress intensity factor 
Kx. stress concentration factor 
1 distance along crack path 
29 
m number of finite elements along crack plane 
describing crack length a 
n crack growth exponent 
AN incremental fatigue life 
R stress ratio 
S section modulus 
S stress range 
S
re effective stress range 
£>rth threshold stress range 
SCF maximum stress concentration factor located at 
crack origin 
T longitudinal bar thickness 
W weld leg size 
a nominal  stress 
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TABLE  1    CALCULATION OF   F 
g 
K 
j=l 
arcsin 
I.   + 1 
_J  
-  arcsin hi 
a  (mm) S..   (mm) 
0 
«..   + 1   (ram) 
0.0437 
K 
t 
2.868 
F 
0.0437 2.868 
O.0874 0.0437 0.0874 2.064 2.332 
0.1311 0.0874 0.1311 1.781 2.086 
0.1748 0.1311 0.1748 1.608 1.925 
0.2184 0.1748 0.2184 1.495 1.810 
0.4369 0.2184 0.4369 1.316 1.526 
0.6553 0.4369 0.6553 1.128 1.354 
0.8738 0.6553 0.8738 1.040 1.253 
1.0922 0.8738 1.0922 0.980 1.183 
1.3106 1.0922 ■ 1.3106 0.938 1.131 
1.6383 1.3106 1.6383 0.908 1.077 
1.9660 1.6383 1.9660 0.877 1.035 
2.6213 1.9660 2.6213 0.840 1.0 
3.3426 2.6213 3.3426 0.811 1.0 
4.064O 3.3426 4.064O 0.80 1.0 
4.8184 4.064O 4.8184 0.80 1.0 
5.5728 4.8184 5.5728 0.80 1.0 
6.3271 5.5728 6.3271 0.80 1.0 
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TABLE 2 CALCULATION OF F(a) FOR SPECIMEN #12 
F(a) = "F(-) 1.21 (F  )   (F  )   (F  ) g         s         e 
a   (ram) F 
e 
.998 
F 
s 
1.115 
F 
2.332 
F(«) 
1.21 F(a) 
0.0655 0.923 2.395 
0.1092 .997 1.115 2.086 0.921 2.136 
0.1529 .996 1.115 1.925 0.918 1.962 
0.1966 .995 1.115 1.810 0.916 1.839 
0.3277 .991 1.055 1.526 0.909 1.450 
0.5461 .966 1.05,5 1.354 0.898 1.239 
0.7645 .956 1.055 1.253 0.888 1.122 
0.9830 .943 1.055 1.183 0.880 1.036 
1.2014 .935   ' 1.055 1.131 0.873 0.974 
1.4745 .925 1.070 1.077 0.865 0.922 
1.8021 .905 1.070 1.035 0.858 0.860 
2.2936 .891 1.070 1.000 0.852 0.812 
2.9820 .859 1.070 1.000 0.851 0.782 
3.7033 .845 1.070 1.000 0.861 0.779 
4.4412 .834 1.070 1.000 0.881 0.786 
5.1956 .819 1.070 1.000 0.912 0.799 
5.9500 .811 1 .070 1.000 0.956 0.830 
a. = 0.04369 mm 
l 
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TABLE 3 STRESS RATIO AND THRESHOLD STRESS INTENSITY RANGE 
*t FOR ALL CRUCIFORM SPECIMENS 
Specimen AkTH 
» R 
0.123 
MPa /m 
6.268 
(ksi /in.) 
11 (5.704) 
9, 10 0.238 5.584 (5.081) 
4 0.347 4.935 (4.491) 
5 0.361 4.852 (4.415) 
12 0.370 4.799 .,(4v36&) 
6 0.428 4.453 (4.052) 
14 0.441 4.376 (3.982) 
7 0.444 4.358 (3.966) 
2 0.448 4.334 (3.944) 
3 0.452 4.311 (3.922) 
15 0.458 4.2,75 (3.890) 
13 0.466 4.227 (3.846) 
8 0.523 3.888 (3.538) 
1 0.563 3.650 (3.321) 
22, 24 0.631 3.246 (2.953) 
23, 25, 27 0.714 ....  2.752 (2.504) 
16, 17, 19 0.759 2.484 (2.260) 
18, 20, 21 0.787 2.317 (2.109) 
26 0.806 2.204 (2.006) 
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TABLE 4  FATIGUE LIFE CALCULATIONS FOR SPECIMEN #12 1 
C = 
Aa 
C(AK)n 
n = 3 C - 2.179 x 10"13 ^ ' 
N cycle 
S = 
r 
141.287 MPa 
Aa (mm)   a   (mm) 
avg. F(a) S ,__ (MPa) rb AK (MPa •m) AN (X10
5) 
0.0437 0.0655 2.395 140.195 4.817 0.567 
0.0437 0.1092 2.136 -  139.470 5.518 0.377 
0.0437 0.1529 1.962 138.740 5.966 0.298 
0.0437 0.1966 1.839 138.010 6.308 0.253 
0.2184 0.3277 1.450 135.831 6.319 1.256 
0.2184 0.5461 1.239 132.192 6.784 1.015 
0.2184 0.7645 1.122 128.553 7.069 0.897 
0.2184 0.9830 1.036 124.914 7.192 0.852 
0.2184 1.2014 0.974 121.280 7.257 0.829 
0.3277 1.4745 0.922 116.733 7.325 1.210 
0.3277 1.8021 0.860 111.272 7.200 1.274 
0.6553 2.2936 0.812 103.091 7.106 2.650 
0.7214 2.9820 0.782 91.623 6.935 3.139 
0.7214 3.7033 0.779 79.609 6.689 3.498 
0.7544 4.4412 0.786. 67.322 6.250 4.484 
0.7544 5.1956' 0.799 54.757 5.590 6.268 
0.7544 5.9500 0.830 42.198 4.789 9.968 
% ~\ r» 38.835 
Upper bound 
a    = 0.0437mm      C = 1.211 x lO-13 -y1 
5.5 
N  cycle 
N = 6.988 x 10 cycles 
a.   = 0.5080mm     C = 2.179 x 10 
l 
-13 N = 3.572 x 10 
Lower bound 
a± = 0.7620mm     C - 2.179 x 10 
-13 N = 3.462 x 10 
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TABLE 5 MEAN STRESS, STRESS RANGE, STRESS RATIO, AND FATIGUE LIFE 
OF CRUCIFORM SPECIMENS UNDER CONSTANT AMPLITUDE LOADING 
S Specimen         mean 
a MPa (ksi) 
9 153.70 (22.29) 
10 153.70 (22.29) 
11 153.70 (22.29) 
12 153.70 (22.29) 
13 153.70 (22.29) 
14 153.70 (22.29) 
15 153.70 (22.29) 
16 417.01 (60.48) 
17 417.01 (60.48) 
18 417.01 (60-48). 
19 417.01 (60.48) 
20 417.01 (60.48) 
21 417.01 (60.48) 
22 417.01 (60.48) 
23 417.01 (60.48) 
24 417.01 (60.48). 
25 417.01 (60.48) 
26 446.80 (64.80) 
27 417.01 (60.48) 
R = Runout 
MPa (ksi) 
189.24 (27.45) 
189.24 (27.45) 
239.83 (34.78) 
141.29 (20.49) 
111.95 (16.24) 
119.15 (17.28) 
114.18 (16.56) 
114.18 (16.56) 
114.18 (16.56) 
99.29 (14.40) 
114.18 (16.56) 
99.29 (14.40) 
99.29 (14.40) 
188.65 (27.36) 
139.00 (20.16) 
188.65 (27.36) 
139.00 (20.16) 
89.36 (12.96) 
139.00 (20.16) 
R N(X106) 
0.238 0.502 
0.238 0.379 
0.123 0.368 
0.370 1.199 
0.466 63.968 R 
0.441 5.221 
0.458 70.535 R 
0.759 1.147 
0.759 0.985 
0.787 0.767 
0.759 31.949 R 
0.787 34.720 R 
0.787 3.345 
0.631 0.519 
0.714 34.600 R 
0.631 0.635 
0.714 2.160 
0.806 30.030 R 
0.714 40.200 R 
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TABLE 6  MEAN STRESS, MAXIMUM STRESS, MINIMUM STRESS, EFFECTIVE STRESS RANGE, STRESS RATIO, 
AND FATIGUE LIFE OF CRUCIFORM SPECIMENS UNDER VARIABLE AMPLITUDE LOADING 
Specimen 
// 
S 
mean 
MPa         (ksi) 
156.92   (22.76) 
S 
rmax 
MPa        (ksi) 
141.29   (20.49) 
S      . 
rain 
MPa       (ksi) 
37.13     (5.39) 
S 
re 
MPa        (ksi) 
87.72   (12.72) 
R 
0.563 
N(X106) 
1 100.   R 
2 154.00 (22.33) 189.24 (27.45) 58.98 (8.55) 117.51 (17.04) 0.448 7.025 
3 155.73 (22.59)* 189.24 (27.45) 60.47 (8.77) 117.51 (17.04) 0.452 100.   R 
4 153.65 (22.28) 239.83 (34.78) 76.55 (11.10) 148.93 (21.60) 0.347 1.251 
5 158.66 (23,01) 239.83 (34.78) 77.00 (11.17) 148.93 (21.60) 0.361 0.991 
6 159.90 (23.19) 239.83 (3*. 78) 60.91 (8.83) 128.03 (18.57) 0.428 0.677 
7 152.56 (22.13) 189.24 (27.45) 60.52 (8.78) 117.51 (17.04) 0.444 4.408 
8 153.40 (22.25) 239.83 (34.78) 45.67 (6.62) 95.96 (13.92) 0.523 1.637 
*At 45.699 x 106 cycles the S    = 146.80 MPa (21.29' ksi) 
.    r    ,      mean for the duration of the test 
R = Runout 
TABLE 7  SPECIMENS UNDER CONSTANT AMPLITUDE LOADING 
WITH SIMILAR S 
Specimen r 
# MPa   (ksi) 
9 189.24 (27.45) 
10 189.24 (27.45) 
22 188.65 (27.36) 
24 188.65 (27.36) 
mean 
MPa   (ksi) 
153.70 (22.29) 
153.70 (22.29) 
417.01 (60.48) 
417.01 (60.48) 
N(X10 ) 
0.238 0.502 
0.238 0.379 
0.631 0.519 
0.631 0.635 
12 
23 
25 
27 
141.29 (20.49) 
139.00 (20.16) 
139.00 (20.16) 
139.00 (20.16) 
153.70 (22.29) 0.370 1.199 
417.01 (60.48) 0.714 34.600 R 
417.01 (60.48) 0.714 2.160 
417.01 (60.48) 0.714 40.200 R 
15 
13 
16 
17 
19 
114.18 (16.56) 
111.95 (16.24) 
114.18 (16.56) 
114.18 (16.56) 
114.18 (16.56) 
153.70 (22.29) 0.458 70.535 R 
153.70 (22.29) 0.466 63.968 R 
417.01 (60.48) 0.759 1.147 
417.01 (60.48) 0.759 0.985 
417.01 (60.48) 0.759 31.949 R 
R = Runout 
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.380 
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0.754 
Front Free Surface Correction Factor for 
Various Crack Shapes and Stress Distributions (5) 
a 
c 
E * 
K 
F 
e 
Crack Shape 
0.0 1.00 1.00 Through Crack 
0.1 • 1.01 0.99 
0.2 1.05 0.95 
0.3 1.09 0.92 
0-.4 1.14 0.88 
0.5 1.20 0.83 
0.6 1.26 0.79 
0.7 1.34 0.75 
0.8 1.41 0.71 
0.9 1.48 0.68 
1.0 1.55 0.65 Circular Crack 
*E  is the elliptical integral 
b.  Crack Shape Correction Factor (7) 
Fig. 10 Front Free Surface Correction Factor 
and Crack Shape Correction Factor 
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Fig. 11  Specimen 11 Constant Amplitude Loading, R = 0.123 
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Fig. 12 Specimens 9 and 10 Constant Amplitude Loading, R = 0.238 
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Fig. 13  Specimens 4 and 5 Variable Amplitude Loading, R = 0.347, 0.361 
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Fig. 14  Specimen 12 Constant Amplitude Loading, R = 0.370 
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Fig. 15 Specimen 6 Variable Amplitude Loading, R = 0.428 
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Fig. 16 Specimen 14  Constant Amplitude Loading, R = 0.441 
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Fig.   17     Specimens   2,   3  and  7     Variable  Amplitude  Loading,   R =  0.448,   0.452,   0.444 
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Fig.   18     Specimen 
15  Constant Amplitude Loading, R = 0.458 
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FIR  19  Specimen 13  Constant Amplitude Loading, R = 0.466 
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Fig.   20    Specimen  8'   Variable Amplitude Loading,   R =  0.523 
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Fig. 21 Specimen 1 Variable Amplitude Loading, R = 0.563 
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Fig. 22 Specimens 22 and 24 Constant Amplitude Loading, R = 0.631 
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Fig. 23  Specimens 23, 25 and 27  Constant Amplitude Loading, R = 0.714 
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FiR. 24  Specimens 16, 17 and 19 Constant Amplitude Loading, R = 0.75 
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Fig. 25  Specimens 18, 20 and 21  Constant Amplitude Loading, R = 0.787 
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Fig. 26 Specimen 26 Constant Amplitude Loading, R = 0.806 
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